The rheology and the conditions for viscous flow of the dry granulite facies lower crust are still 23 poorly understood. Viscous shearing in the dry and strong lower crust commonly localizes in 24 pseudotachylyte veins, but the deformation mechanisms responsible for the weakening and 25 viscous shear localization in pseudotachylytes are yet to be explored. We investigated examples 26 of pristine and mylonitized pseudotachylytes in anorthosites from Nusfjord (Lofoten, Norway) . 27 Mutual overprinting relationships indicate that pristine-and mylonitized pseudotachylytes are ; Fagereng, 2013] , and this indicates a mechanically strong lower crust [Maggi et al., 48 2000; Jackson et al., 2004] , at least transiently [Handy and Brun, 2004] . 49 Important volumes of pseudotachylytes (generally interpreted as quenched melts caused 50 by the frictional heat released during seismic slip) in exhumed lower crustal rocks, and formed at 51 lower crustal conditions, have been taken as direct geological evidence for deep fracturing 52 [Austrheim and Blundy, 1994; Jackson et al., 2004; Austrheim, 2013] . Examples of deep 53 fracturing is particularly common in dry rocks, and it is generally accepted that a strong, 54 seismogenic lower crust requires anhydrous granulite facies material [Jackson et al., 2004] . 55 Anhydrous conditions in granulites inhibit crystal plastic flow and result in high strength 56 [Jackson et al., 2004; Menegon et al., 2011] . Furthermore, anhydrous granulites can survive 57 metastably in the course of Wilson cycles, unless they are infiltrated by fluids that trigger 58 metamorphic reactions [Austrheim, 2013] . A picture is emerging in which a seismically active 59 lower crust provides an environment for enhanced metamorphic and rheological transitions, due 60 to fluid-rock interaction and associated reaction weakening in the fractured domains [Austrheim, 61 2013; Austrheim et al., 2017] . The observation that viscous shearing in a dry and strong lower 62 crust often localizes in pseudotachylyte veins [Pennacchioni and Cesare, 1997; White, 1996; 63 2012; Steltenpohl et al., 2006; Austrheim, 2013; Pittarello et al., 2013] is consistent with 64 this picture. However, the deformation mechanisms responsible for the associated weakening and viscous shear localization in pseudotachylyte veins are yet to be fully explored. Furthermore, 66 whether lower crustal pseudotachylytes develop by fault-related frictional melting [McKenzie 67 and Brune, 1972] , by thermal runaway in ductile shear zones developing extreme localization 68 and accelerated creep rates [John et al., 2009] , or by in-situ amorphization of crystalline material 69 at high stresses and strain rates [Pec et al., 2012] is still controversial. 70 Lofoten is one of the rare localities where the interplay between fracturing and viscous 71 flow, and the processes leading to strain localization in dry, granulitic lower crust can be 72 accurately studied, because (1) Lofoten exposes a relatively "intact" lower crust largely 73 consisting of anhydrous granulites [Corfu, 2004] , and (2) lower crustal shear zones in Lofoten 74 are commonly associated with large volumes of pseudotachylytes [Steltenpohl et Mangerite-Charnockite-Granite (AMCG) suite [Griffin et al., 1978; Corfu, 2004] . The AMCG 86 suite consists of several plutons of anhydrous composition [Markl et al., 1998; Corfu, 2004] 87 emplaced into the granulitic crust at ambient conditions estimated at 750-800°C, and in the range 88 between 0.4 and 1.0-1.2 GPa [Markl et al., 1998 , and references therein]. The primary igneous 89 texture and the granulite facies mineral assemblage are generally well preserved. 90 Lofoten largely escaped the Caledonian tectono-metamorphic overprint, as result of 91 water-deficient conditions that inhibited crystal plastic deformation and metamorphic re-92 equilibration of granulites [Steltenpohl et al., 2004; Leib et al., 2016; Okudaira et al., 2017] . 93 Despite the lack of a regional post-intrusive fabric, eclogite and upper amphibolite facies, 94 localized shear zones are common in Lofoten [Kullerud et The Nusfjord eastern ridge in Flakstadøy (Fig. 1) exposes one of the largest bodies of 100 anorthosites in Lofoten [Markl et al., 1998 ]. The Nusfjord anorthosites are massive, coarse-101 grained rocks (1-5 cm average grain size of plagioclase) without any evident solid-state fabric.
102
These rocks host a network of shear zones containing both pseudotachylytes and ultramylonites 103 that are the main subject of this paper. were mixed and diluted at 1:10 with Li2B4O7 and LiBO2 flux and melted into glass beads. Loss 133 on Ignition (LOI) was determined from weight lost after ignition at 860°C for 20 minutes and at 134 980°C for 2 hours. FeO was determined with permanganometry using a rhodium tube. T and T-H2O isochemical sections were calculated with Perple_X   137 software [Connolly, 2005] , in the system SiO2-Al2O3-MgO-CaO-Na2O-K2O-TiO2-FeO-(Fe2O3), 138 using the bulk composition of the mylonitized pseudotachylyte sample N13-10D and of the host 139 anorthosite sample N1310B ( (Fig. 2c) .
179
The dark layers are homogeneously fine grained, regardless of the accommodated strain 180 (Fig. 2d) , indicating that the fine grain size did not result from progressive grain size refinement, 181 but was a pristine feature of the shear zone precursor. These layers are identified as sheared 182 pseudotachylyte fault veins as indicated by the local preservation of pseudotachylyte breccia 183 pockets ( Fig. 2e ) and injection veins (Fig. 2f-g ), and by the local occurrence of undeformed 184 pseudotachylytes trending parallel to the shear zones (Fig. 2h) . 185 Thick shear zones have commonly a domainal foliation defined by elongated, alternating 186 domains of whitish and dark-green colour (Fig. 3a-b) . These latter domains are fine grained and 187 similar to the deformed pseudotachylytes of the 2 nd order shear zones; locally they are discordant 188 to the main foliation (Fig. 3a) . There is no compositional heterogeneity in the pristine anorthosite amphibole, clinopyroxene, biotite, quartz ± K-feldspar ± orthopyroxene ± ilmenite (Fig. 4e) . 228 Since these pseudotachylytes do not show a mylonitic overprint, we refer to them as to 229 recrystallized pseudotachylytes. (Fig. 5d) . The 253 clinopyroxene-derived aggregates are also stretched parallel to the mylonitic foliation (Fig. 5c) . (Fig. 6b) . On the contrary, amphibole has a CPO of the (100) planes distributed 266 along a discontinuous girdle subparallel to the YZ plane of the finite strain ellipsoid, with a 267 maximum near the pole to the foliation (Fig. 6b) . The [001] axis forms a maximum on the 268 foliation plane at a low angle to the stretching lineation.
269
The misorientation axis distribution (MAD) of random pairs of both plagioclase and 270 amphibole is remarkably close to the theoretical curve for a random distribution (Fig. 6c) . 271 Correlated pairs of both plagioclase and amphibole show that misorientations < 50° occur with a 272 higher frequency than for a random distribution (Fig. 6c) . (andesine), but with a few recrystallized grains containing up to 58 mol% of anorthite (Table   294   S1 ).
295
Clinopyroxene is diopside, with similar Al contents of 0.15-0.20 atoms per formula unit 296 (a.p.f.u.) in both the host rock and in the recrystallized grains in the mylonite (Table S2) (Table S2) . (Table S3) . amphibole, and the lack of low-grade minerals (Figs. 4a, 5e ).
385
The P-T conditions of deformation are constrained at 650-750°C and 0.7-0.8 GPa
386
(depending on the stability of garnet), using both amphibole-plagioclase conventional (Fig. 4a) . In-situ amorphization is difficult to reconcile with the extensive occurrence 409 of microlites (Figs. 4b, 4c) , with the formation of chilled margins (Figs. 2g, 4d ) and with the (Fig. 7c) [e.g. (Figs. 8b and 9) . 468 In the mylonitized pseudotachylytes, amphibole crystallisation in equilibrium with biotite, (Fig. 6d) , similar to the microstructures described in Menegon et al. 496 [2015]. The water redistributed along the grain boundaries made the system wet at the shear zone 497 scale, and facilitated heterogeneous phase nucleation, as demonstrated by the syn-kinematic 498 growth of amphiboles at triple junctions and dilatant sites (Figs. 5b, 6a ). This stabilized strain 499 localization in the polymineralic, fine-grained mylonitized pseudotachylytes. Therefore, it is the 500 water at grain boundaries that has a major rheological effect on lower crustal shear zones, by 501 facilitating diffusion creep deformation and phase nucleation.
502
Measurements of intracrystalline water content of plagioclase do not show a systematic 503 increase from the host rock to the pseudotachylytes. This lends further support to our 504 interpretation that the infiltrated aqueous fluid was redistributed along the grain boundaries 505 rather than penetrating the interior of nominally anhydrous minerals via (micro)cracking. The 506 low intracrystalline water contents in plagioclase (Fig. 10) were apparently sufficient for limited 507 dislocation creep to occur (Fig. 7) . However, this did not result in the nucleation of ductile shear 508 zones in intact anorthosites, which instead required a precursor stage of co-seismic brittle 509 deformation with associated fluid redistribution at the grain boundaries. which deformed in the presence of H2O (Figs. 4b, 8 ).
526
Deformation accommodated by diffusion creep is described by the flow law: paragenesis from dry conditions up to 2 wt% of water. In the temperature range of interest (600-750 °C) the system 855 becomes H2O saturated (i.e. free water) when the H2O of the bulk composition is higher than 0.3-0.5 wt% 856
(depending on the temperature). The grey lines and the corresponding numbers on the right-hand side of the plot 857 indicate the amount of amphibole (vol%) occurring in the mineral assemblage. 858 
